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SUMMARY 

The TLAT report concludes as of March 2001 that no single data link  (1090 Extended Squitter, VDL Mode 4 and UAT) meets all of the requirements for all the ADS-B airborne applications assessed. However, the TLAT did not consider beneficial features of all links, and since March 2001 each link has been assessed with improved performance. Today, it may be stated that each link has unique strengths as well as unique constraints and limitations. Each link can satisfy a broad set of near-term and mid-term ADS-B applications. Further analysis may show that each link has the ability to satisfy all, or virtually all, of the ADS-B applications assessed. It may also be stated that the combined use of VDL Mode 4 and Mode S Extended Squitter addresses a number of the shortcomings of the individual links in the TLAT report. When considered along with several operating techniques beyond those addressed in the TLAT exercise, VDL Mode 4 combined with Mode S Extended Squitter offers a solution that is optimised for short, medium and long range applications. This approach also offers the flexibility to implement regional solutions in the short term based upon either technology whilst providing the ability to meet the requirements for high density airspace using existing ICAO standardised systems. The combined solution also offers benefits through increased redundancy, integrity and availability of ADS-B applications as well as for ACAS. 

Therefore, ICAO should consider this combined system as an evolutionary means to extend the capabilities of its existing standardised systems.

1.
Introduction

Work has been completed by AMCP on the evaluation of data links for surveillance applications, i.e. VDL Mode 4 and Mode S Extended Squitter. The evaluation work was co-ordinated with SICASP with the overall conclusions that these two technologies complemented each other and that the most appropriate solution for a future ADS-B technology will be a combined system of Mode S Extended Squitter and VDL Mode 4.

The performance of alternative data links supporting ADS-B has been analysed in a number of studies and simulations. The most comprehensive analysis that has been carried out to date has been for the Technical Link Assessment Team (TLAT), a joint Eurocontrol/FAA initiative. The TLAT examined the performance of the following data links in different traffic environments:

· 1090 Extended Squitter (called Mode S extended Squitter by ICAO);

· Universal Access Transceiver (UAT); and

· VDL Mode 4.

The TLAT found that no single ADS-B data link could meet all of the requirements for ADS-B applications in future high density traffic environments. This paper considers whether the combination of Mode S Extended Squitter and VDL Mode 4, when used together, would provide better performance than each link alone.

2.
Background to VDL Mode 4 standardisation

In 1995, the Special Communications/Operations Division Meeting (SP COM/OPS/95) had reviewed the role of VHF data links in VHF congestion and noted that work on data link SARPs which could satisfy the operational requirements for non-time critical applications was well under way in ICAO (referring to progress on VDL Mode 2 SARPs). The SP COM/OPS/95 developed recommendation 6/3, inviting ICAO to expedite the development of operational requirements and appropriate SARPs for data links to support navigation and surveillance elements of CNS/ATM applications.

The data links that were being considered by ICAO, were SSR Mode S Extended Squitter and VDL Mode 4. The Air Navigation Commission approved the recommendation and requested that the Aeronautical Mobile Communications Panel (AMCP) and Global Navigation Satellite System Panel (GNSSP) give priority to the development of the operational requirements and SARPs for time-critical data link applications as appropriate. Subsequently AMCP/4 in 1996, proposed to extend its work programme, with respect to VDL Mode 4, to continue the development of data links to support navigation and surveillance applications (i.e. VDL Mode 4). 

In parallel, with work on VDL Mode 4 SARPs, work on the evaluation of data links for surveillance applications was undertaken and a report presented to AMCP/5 in 1998. There was no clear candidate solution, however the data links that were considered seriously were VDL Mode 4 and Mode S Extended Squitter. On the basis of this information, the secretaries of SICASP and AMCP developed a summary of the comparative analysis of VDL Mode 4 and Mode S Extended Squitter.

Having reviewed the comparative analysis, SICASP and AMCP noted that, as far as system expectations could be predicted at the time:

· For applications requiring an operational range in excess of 200NM, only VDL Mode 4 can meet this requirement;

· SSR Mode S Extended Squitter provides the ability to support high capacity, high update rate requirements (up to 1 second) at ranges up to 100 NM.

SICASP concluded that VDL Mode 4 and Mode S Extended Squitter have characteristics that are complementary and the most appropriate solution for a future ADS-B technology will be a combined system of Mode S Extended Squitter and VDL Mode 4. In addition, this approach provides the advantages of using two totally different techniques for the protocols for media access and the frequency band used for transmitting the ADS-B information. In SICASP’s opinion, this is expected to improve the availability and integrity, and reduce equipment certification effort. This, combined architecture has a broader range of capabilities than possible with either link separately and will provide greater flexibility in supporting future applications as they become identified
.

On the basis of the information provided by SICASP, it was decided at AMCP/7 that there was a justified need for VDL Mode 4 SARPs. This decision was subsequently approved by the ANC and ICAO Council and the VDL Mode 4 SARPs were published in Annex 10 and became applicable 1 November 2001.

3.
Review of TLAT conclusions
ADS-B technology assessment has been conducted as a joint Eurocontrol/FAA initiative by the Technical Link Assessment Team (TLAT). Performance requirements for ADS-B applications assessed are defined in the RTCA ADS-B MASPS. 

The TLAT concluded that no single data link, as described and baselined for the analysis, satisfied all assessed requirements. The scope of the TLAT analysis excluded certain applications of interest such as surface operations for full gate-to-gate operations, tailored data exchanges for specialised air-to-air and air/ground operations (e.g., in situ weather reports, turbulence reports, pairwise coordination using addressed messages, etc), and long-range two-way interactions such as may be needed for trajectory negotiation. 

Since the TLAT report was finalised, improvements have been made in all the links and new multi-link concepts have been developed. As a consequence of TLAT’s limitation in scope, certain analytic flaws identified elsewhere, and the subsequent enhancements to the various link alternatives, the TLAT report should be viewed as a partial and imprecise snapshot in time, rather than a current description of system capabilities.

4. Data link performance improvements

Using a combination of data links, there will be scope to improve the performance of the individual links. For example, if Mode S Extended Squitter is restricted to short range applications, it should not be necessary to transmit the Trajectory Change Point (TCP), thus reducing the rate of message transmission. 

This report concentrates on a number of performance improvements within of VDL Mode 4, and benefits of a multi-link approach to ADS-B.

Increasing reporting rates using incremental protocol: An ADS-B application such as ACAS, residing above the VDL Mode 4 protocol stack, can determine that an update rate higher than the nominal rate is required (e.g., in the event of a high closing rate for a nearby target aircraft). The ADS-B application can then instruct the VDL Mode 4 radio to increase the reporting rate. The advantage of such an approach is that the reporting requirements of the shorter range applications van be satisfied without requiring all aircraft to transmit at the high rate. It is likely that, since on average aircraft are well separated, only a relatively few aircraft will need to operate at increased reporting rates.   Hence the impact on system load should be small.

This type of operation has precedent in the ACAS system (TCAS change 7) and VDL Mode 4 already incorporates the necessary random and incremental transmission protocols to support such a mode of operation.  No change to VDL Mode 4 SARPs is required.
 

Work is currently in progress to demonstrate the potential benefits of such an approach.

Sectorised ground antennas: The use of sectorised antennas for ground stations enhances air ground performance in high traffic density areas because each sector will see fewer aircraft and hence experience less interference. 
   This leads to a significant improvement in the support for ground/air applications relative to an omni-directional ground antenna, with no change to the ICAO-standard system (it is a ground implementation issue applied only in high-density airspaces where an omni-directional antenna offers insufficient performance).

Combination of signals from more than one antenna: All ADS-B data link systems currently assume dual antennas (e.g., top and bottom antennas). There has also been proposed a new integrated avionics architecture that integrates VDL Mode 4 with the existing or future VHF radios used for communications, offering the potential for up to three diversity antennas and redundant receivers on a typical transport-category aircraft. The assumed equipage is that an aircraft will have a top and a bottom antenna.  The simplest method of combining the signals from multiple antennas is to use a receiver on each antenna and then use the decoded output from each receiver, operating with a single transmitter.  This offers the potential advantage of, for example, decoding a signal from one antenna when the other is temporarily obstructed due to aircraft manoeuvre or even providing two shots at decoding a signal in the presence of high levels of interference. Potentially, in some cases with two overlapping desired signals, it would be possible to decode both signals.  Flight tests by Eurocontrol in November 2000 indicated a high degree of statistical independence between two antennas used in this way, and a concomitant improvement in performance. 

In the future, the RF signals from two or more antennas could be combined in a beamforming and nullsteering device. This approach is expected to yield several 10’s of dB improvement in terms of interference immunity from overlapping desired signals

Additional capabilities provided by VDL Mode 4: in addition to supporting ADS-B, VDL Mode 4 provides a point-to-point communications capability. This can be used as an air-to-ground or an air-to-air communications link. It is likely that some ASAS applications will require a point-to-point communications capability between aircraft. One example of this is the long range application, flight path deconfliction and planning. In this case, when aircraft have identified a conflict between their intended trajectories, an exchange of messages between the aircraft will be required to negotiate the revised flight paths. The point-to-point communications link must support time-critical communications and be available in remote and oceanic regions and is therefore considered to be a pre-requisite for ASAS applications such as flight path deconfliction and planning. At present, VDL Mode 4 is the only ICAO standardised data link with this capability.

5. Potential benefits of combining VDL Mode 4 and Mode S Extended Squitter

There are a number of ways that data links could be combined:

1. Aircraft carry multiple data link receivers while transmitting on one link only;

2. Aircraft transmit and receive on a single data link and rely on ground stations to forward messages between the two data links; and

3. Aircraft carry multiple data links that transmit and receive simultaneously.

Option 1 has the advantage that only one transmitter is required thus simplifying the airborne architecture. However, this would require each data link to support all applications and therefore does not offer any performance benefits.

Option 2 requires a ground infrastructure that precludes this option from use in remote or oceanic regions. Furthermore, low flying aircraft may move out of line of sight of the ground station and failure of the ground station would result in loss of the ADS-B service.

Option 3 enables aircraft to transmit and receive on two data links and therefore information may be spread across the data links to increase robustness, or each data link may be used for discrete applications to enable performance improvements. Option 3 will require more complex avionics, however, due to the increase in robustness and/or potential to improve application performance, this is considered in detail in the remainder of this section.

By combining data links, the overall performance may be enhanced when compared with a single link. Aircraft transmissions are spread across two data links and therefore the number of messages transmitted on each link can be reduced. This reduction in data link load should improve long-range performance. Alternatively data link load could be reduced by splitting the applications between the data links with short range applications being supported by Mode S Extended Squitter and medium and long-range applications by VDL Mode 4.

The approach has the following additional benefits:

· Separate frequency bands for transmitting ADS-B information (L-band and VHF), which yields complementary performance for short-range and long-range performance as well as surface operations;

· Multiple frequency channels, in more than one band, enhances reliability and continuity of service by providing several independent paths for data transmission;

· Different techniques for media access protocols;

· Ability to accommodate ACAS using existing transponders, as well as ability to accommodate long-range one-way and two-way interactions using VHF for advanced ADS-B applications.

· Improved redundancy of avionics for ADS-B, a dual VDL Mode 4/Mode S Extended Squitter system provides significant redundancy which may reduce certification effort.

A possible approach is to use Mode S Extended Squitter as an enhancement to ACAS. This will improve the performance of ACAS and short term benefits can be achieved through enhanced conflict and collision avoidance. VDL Mode 4 with enhanced update rates as described above could also be used for ACAS, but an alternative would be to focus on the medium and long-range applications where the point-to-point communications capability will be increasingly important.

The following table summarises the combined performance of Mode S Extended Squitter and VDL Mode 4 to meet the ADS-B application requirements.

	Application
	Range
	Combined Mode S Extended Squitter/VDL Mode 4 solution

	Aid to visual acquisition
	Short
	Supported

	Conflict and collision avoidance
	Short
	Supported 

	Simultaneous approaches
	Short
	Supported

	Separation assurance and sequencing
	Medium
	Supported

	Flight path deconfliction and planning
	Long
	Expected to be supported 

(see note 1)

	Airport surface
	Short
	Supported

	Air-ground surveillance (TMA)
	Medium
	Supported

	Air-ground surveillance (En-route)
	Long
	Supported


Note 1: It is expected that some of the measures identified in the previous section will improve the VDL Mode 4 performance which may enable it to meet the flight path deconfliction and planning application requirements. 

Results from recent simulations shows that VDL Mode 4 is supporting A-SMGCS functions on an airport with 300 simultaneous movements operating on two channels.

6.
Issues to be addressed

Avionics issues associated with the integrated solutions

The use of a combined VDL Mode 4/Mode S Extended Squitter solution will require additional avionics over any single-link solution.

Mode S Extended Squitter will require an upgrade to existing SSR/ACAS avionics. The VDL Mode 4 architecture has not been defined but will require an addition one or two radios and potentially could share existing VHF communications antennas.

In addition to communications equipment, a cockpit display will be required for any system supporting ASAS applications.

Note that this approach will provide significantly greater redundancy than any single solution which may reduce the certification requirements.

A further issue to consider are GA requirements. It is assumed that GA and air transport aircraft will need to have mutual visibility and the requirement for dual equipage of GA aircraft needs consideration. A major proportion of GA aircraft may not require ASAS functionality and therefore may not require dual ADS-B data link equipage.

A possible approach is for regional solutions to be developed in the short term, these could be based upon either VDL Mode 4 or Mode S Extended Squitter. In the longer term, combined solutions could be implemented in higher density areas.

Safety

One of the main concerns with using ADS-B as surveillance data link is the level of reliance that could be placed upon it as a sole means of surveillance. This may require maintenance of a ground radar system to provide the required resilience.

Use of an integrated Mode S Extended Squitter / VDL Mode 4 solution could improve the performance of ADS-B as well as for ACAS being the outmost safety net governing situations when all other precautions have failed. This would offer the following benefits with regard to safety:

· Increased availability through additional redundancy; and

· Increased integrity through independent transmission paths.

7.
Conclusions and recommendations

Combined use of VDL Mode 4 and Mode S Extended Squitter addresses a number of the shortcomings of the individual links as identified in the TLAT report. There are a number of measures underway to improve the performance of VDL Mode 4 and together with Mode S Extended Squitter, this will offer a solution that is optimised for short, medium and long range applications.

The combined solution offers flexibility to implement regional solutions in the short term based on either technology whilst providing the ability to meet the requirements for high density airspace. The combined solution also offers safety benefits through increased redundancy, integrity and availability of ADS-B applications as well as ACAS functionality. VDL Mode 4 also offers a point-to-point communications link which is a pre-requisite for some ASAS applications.

The systems standardised by ICAO have the potential to meet all of the known requirements for ADS-B applications. Therefore it is recommended that AMCP WG-M recommends this approach to AMCP WG-C.

ANNEX A : SHORTCOMINGS OF TLAT ANALYSIS RELATED TO VDL MODE 4

Use of existing protocols to enhance long-range performance:  The TLAT failed to fully account for existing protocols designed to provide reliable performance in long-range applications such as transmission of TCPs and two-way data exchange.

Re-calibration of MER tables: The TLAT report was based on the performance obtained with the first generation of VDL Mode 4 radios based on analog technology.  The next-generation radios, currently being developed, will offer better performance.  Hence, re-calibrating the physical layer model used in the John Hopkins simulations might lead to enhanced performance.

Analysis of ground movement requirements: The TLAT report did not assess the ability of the ADS-B system to meet the full range of European ground movement requirements.  A complete assessment should be carried out.

Simulations: Analysis by simulations was an essential part of the TLAT examination of the data link options. Early in the process LFV (Swedish Civil Aviation Administration) and Eurocontrol presented similar results from VDL Mode 4 simulations in “STDMA Performance Simulator” (SPS). At the very last TLAT meeting, the US John Hopkins University presented results from simulations in a modified SPS simulator that differed significantly from the results achieved by LFV and Euroconterol. Due to lack of time, the TLAT conclusions based on simulations of VDL Mode 4 were stated “inconclusive”.

LFV experts on the SPS simulator is examining material received from JHU and have so far noticed the following areas of concern:

The SPS was modified in order to have the radio model (MER model) comply to the bench results measured by JHU. The implementation of the model was done both by Eurocontrol and JHU yeilding two instances of the SPS to work as foundations for performance measuring of VDL Mode 4 in the TLAT activity. The instance examined below is the one from JHU.

a – Changed by JHU. Calculate an NxN matrix containing transmission probabilities based on a combined SNR/SIR MER model.

b – Inserted by JHU. Logs the transmission probability for the predefined reception points along with relevant data such as frame number, slot number, number of concurrent transmitters, position, etc.

c – Roll a die for all receivers in the scenario and compare it to the transmission probability. Whether or not the check was a success the result is reflected as a 1 or a 0 in a boolean Nx1 reception vector. This is also the point in the algorithm where we (LFV) log the reception vector for Unilog (see below) for later analysis.

d – Old LFV method of determining garbling. A distance check to nearest concurrent transmitter is performed. Typical value of distance ratio is 3 (~10 dB). Also transmitters from prior slot is taken into account should the message managed to surpass MER, BLOS and Guard delay.

e – The reception vector is updated to reflect the effects of garbling. Transmissions that cleared the transmission probability check might be changed unsuccessful due to garbling.

f – Adjust global reservation table on basis of the reception vector.

g – For each reception point do …

h – For all transmitters in the slot do …
Apart from the inherent logging system in SPS, LFV has developed a more flexible and detailed logging system, called Unilog, based on writing to file every instance of the reception vector, which has a life span of one transmission. In the same file times, positions and other relevant data are logged as soon as it gets updated by the SPS. In prior simulations the reception vector is logged at a point between e and f, but since SIR has been made a part of the MER model it have been moved to point c, as mentioned above. Upon receiving the modified SPS from JHU the Unilog functionality has been implemented into the JHU SPS, but no results are available yet. 

JHU also use an external analysing tool, which has not been made available to LFV. It seams to be clear that it uses the Monte Carlo principle on the probabilities logged to file from the transmission probability matrix in the SPS.

Two main concerns are noted.

1. Obviously the reception vector is affected by double garbling. Albeit not subjected to double garbling before the logging in point b it is nonetheless the sole information used for changing the global reservation table affecting all a/c in all following slots.

2. The less obvious reason is that after logging the transmission probabilities the SPS goes on to decide which aircraft received the transmission successfully, whereas JHU in their external analysing/simulation tool might have the die fall differently. Although similar success rate from a statistical point of view there will be differences between the reception vector and the result obtained by the “external die”. The point is that the SPS uses the results in the reception vector to base future transmissions upon. Since it has no way of predicting the outcome in a future and external die roll reservations are made on the wrong basis.

No estimate on the effects of reason no 2 is available, since access to the analysing tool that JHU utilized is required. Using the internal (old and validated) logging system of the SPS it is possible compare a test scenario with and without the second garbling (point d in the diagram) simply by removing it from the code.

Specifications for test scenario:

· 75 A/C
· NUP 1 (one transmission every second)
· 150 NM radius
· Link load ca 100%
The density of this test scenario is much less than the ones used for TLAT (except the Low Density one), so garbling doesn’t play as big a part in this scenario as it would in a larger and denser scenario. Nevertheless, even here a fairly big impact on performance is noticed. 
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Important note: JHU did NOT use the results from double garbling at the TLAT, since they logged the transmission probabilities prior to point d. Until the Unilog implementation in JHU SPS is fully validated it is not possible to present any valid graphs comparing the JUH findings with those presented by LFV and Eurocontrol. This graph does however show the impact of the wrongfully garbled slots used for future reservations.
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� 	This view constitutes the opinion of SICASP and no dissenting views were recorded.


� 	While no change to SARPs is required, an update to the VDL/4 Technical Manual would be desirable to standardize this function.


� 	Since VDL/4 is self-organizing, aircraft sharing a same slot are geographically far apart hence they tend to be well-separated by a sectorized antenna. A ground-directed mode of operation leads to the same result.


� 	This approach would require changes to the Technical Manual (and possibly SARPs) in order to obtain certification for the enhanced performance.
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